The Wnt gene family encodes a group of secreted glycoproteins implicated as ligands in cell signaling in both vertebrates and invertebrates. Wnts are involved in diverse developmental processes, including cell differentiation, cell migration, cell polarity, and cell proliferation (reviewed in Ref. 2) . Unregulated activation of Wnt signaling has also been linked to a variety of human cancers (reviewed in Refs. 1 and 2). The best understood Wnt signaling pathway is stimulated by wingless in Drosophila, and by its counterpart, Wnt-1, in vertebrates (reviewed in Refs. 1 and 2). In this pathway, in the absence of a Wnt signal a serine-threonine kinase, glycogen synthase kinase-3, promotes the phosphorylation and degradation of ␤-catenin, facilitated by the adaptor proteins adenomatous polyposis coli and axin. Stimulation of the Wnt pathway activates Dishevelled, which in turn reduces the degradation of ␤-catenin, leading to its accumulation. Dishevelled may be regulated by two kinases, casein kinase I (3) and casein kinase II (4) . As ␤-catenin levels increase, it forms complexes with the HMG box transcription factors TCF and LEF, activating expression of target genes.
Since there are likely to be at least 18 vertebrate Wnt genes (reviewed in Ref. 2) , it is reasonable to ask if cells respond to expression of these Wnts in an identical manner. Ectopic expression of one group of Wnts, including Wnt-1, -3A, -8, and -8b, on the ventral side of cleaving Xenopus embryos leads to induction of a secondary body axis in Xenopus (reviewed in Ref. 5 ). Many of the same Wnts are transforming in C57mg mammary epithelial cells (6) . In both assays, the cellular response is attributed to the Wnts activating a signaling pathway that promotes the stabilization and activity of the multi-functional protein ␤-catenin (reviewed in Refs. 1, 2, and 7). Other Wnts, including Wnt-4, -5A, and -11, do not induce formation of a secondary axis in Xenopus nor do they transform C57mg cells. Data suggest that the non axis-inducing, non-transforming Wnts are nevertheless biologically active. First, when overexpressed in Xenopus embryos these Wnts are able to antagonize axis induction by the transforming Wnts and to elicit a distinct phenotype (8, 9) . Second, the non-transforming Wnts elicit intracellular Ca 2ϩ release (10, 11) and activate PKC (Ref. 12 , reviewed in Ref. 1) . In contrast, the transforming/axis-inducing Wnts do not stimulate Ca 2ϩ release nor do they activate PKC. Third, Wnts have been shown to signal through receptors belonging to the Frizzled gene family (reviewed Refs. 1 and 2), and Frizzled homologs have been shown to preferentially stimulate either ␤-catenin, or the activation of Ca 2ϩ and PKC (10 -12) . Fourth, in the chick limb Wnt-3A works through the ␤-catenin pathway while Wnt-7a works through a ␤-cateninindependent intracellular pathway (13) . Interestingly, some Wnts may couple to both pathways. For example, Wnt-5A can become axis inducing in Xenopus when co-expressed with human Frizzled-5 (14) . One could interpret these data to conclude that Wnt-5A is not axis inducing in the absence of Frizzled-5 because there is no Wnt-5A receptor present. However, the demonstrated ability of Wnt-5A to antagonize axis induction by Wnt-8 (9) , to stimulate Ca 2ϩ release (10, 11) , and to stimulate PKC activation (12) suggests that Wnt-5A can elicit distinct cellular responses, depending on which receptors are present. Overall, the data suggest that cells and embryos display diversity in their responses to signaling by different Wnt and Frizzled homologs.
As mentioned above the protein kinases glycogen synthase kinase-3, casein kinase I, and casein kinase II, have been * This work was supported in part by the Howard Hughes Medical Institute. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. 2ϩ -independent CamKII activity in Xenopus cytoplasmic extracts at stage 7. Xenopus embryos were injected with prolactin (control), Xwnt-8, Xwnt-5A, Xwnt-11, Rfz-1, Rfz-2, Mfz-3, Mfz-4, Mfz-6, Mfz-7, or Mfz-8 RNA as indicated and cytoplasmic extracts were assayed as described under "Experimental Procedures" for their ability to phosphorylate Syntide-2 in the presence or absence of specific CamKII inhibitors. The specific Ca 2ϩ -independent CamKII activity determined in the presence of EGTA is shown. n ϭ number of experiments. Panel B, total activity of CamKII in cytoplasmic extracts at stage 7. Total CamKII activity of cytoplasmic extracts of injected embryos was measured in the presence of exogenous Ca 2ϩ . n ϭ number of experiments. Inset of panel B, Xwnt-5A and Xwnt-8 are equally expressed in injected Xenopus embryos. Prolactin (lane 1), Xwnt-8-myc (lane 2), or Xwnt-5A-myc (lane 3) (1 ng), respectively, were injected into embryos, and cytoplasmic extracts were immunoblotted with an anti-c-Myc monoclonal antibody, 9E10. Panel C, Xwnt-5A and Rfz-2 synergistically activate CamKII. Xenopus embryos were injected with low doses of Xwnt-5A or Rfz-2 and the specific CamKII activity was measured at stage 7. In combination, both factors gave a more than additive activation (predicted activation shown by dotted line) of CamKII, n ϭ number of experiments. Panel D, Autophosphorylation of CamKII is increased in Xwnt-5A injected embryos. Xenopus embryos were injected with prolactin or Xwnt-5A RNAs as in A, then CamKII was immunoprecipitated with a CamKII-specific monoclonal antibody. Immunoprecipitates were blotted and probed with a polyclonal antibody recognizing the Thr -independent CamKII activities in the absence of exogenous calcium allows the determination of the activity of endogenous CamKII just prior to lysis. As CamKII is activated by the phosphatidylinositol pathway in PC 12 cells (18) and as Xwnt-5A and rat Frizzled-2 (Rfz-2) elevate intracellular Ca 2ϩ levels through activation of the phosphatidylinositol pathway (10, 11) , in the present report we first investigate whether different members of the Wnt and Frizzled gene families activate CamKII. We then test whether CamKII displays dorsoventral differences in activity in the Xenopus embryo, whether these asymmetries are dependent upon Wnt signaling, and whether CamKII participates in specification of cell fate in the early embryo.
EXPERIMENTAL PROCEDURES
Embryological Methods and RNA Injections-Rat brain ␣-CamKII constructs (19, 20) and all other constructs used for RNA injection were subcloned into the vector pCS2 ϩ allowing in vitro transcription of mRNA with SP6 mMESSAGE mMACHINE Kit (Ambion, Austin, TX). Amounts of RNA injected were as indicated in the text or figure legends. Whole mount in situ hybridization for marker gene expression was performed as described (9) . The C-terminal truncated version of CamKII K42M (CamKII K42M 1-271) was generated by polymerase chain reaction using Pfu Polymerase (Stratagene, La Jolla, CA) and verified by sequencing. For UV irradiation, embryos were exposed 20 min after fertilization to 254 nm UV light for various times and injected at 1-or 4-cell stages.
Immunoprecipitation, Western Blotting, and Antibodies-Mono-and polyclonal antibodies against CamKII were from Signal Transduction (Lexington, KY). The antibody recognizing the Thr 286 -phosphorylated form of CamKII was from Promega (Madison, WI). Immunoprecipitations and Western blotting were performed as described (21) . Autoradiographs were scanned and analyzed using NIH Image 1.6.1 software.
Embryo Extracts, CaM Kinase Activity Assays, and PKC Translocation Assay-Injected embryos were cultured until stage 7. Embryos were washed in Ca 2ϩ -free medium five times prior to lysis. Thirty embryos were lysed in 20 mM Tris, pH 7.5, 40 M EGTA, 10 mM phenylmethylsulfonyl fluoride, 1 M okadaic acid, and 0.1% (v/v) ␤-mercaptoethanol. Lysates were cleared twice in a microcentrifuge and subsequently assayed for kinase activity. Protein concentrations were determined by Bradford assay using bovine serum albumin as a standard. The activity of Ca 2ϩ /calmodulin-dependent kinase was determined using Syntide-2 as a substrate (22) in a final volume of 50 l. Autonomous, calcium independent activity was determined in the presence of 200 M EGTA, while total activity was measured in the presence of 2 mM CaCl 2 . Reactions were started by adding 5 l of embryo extract, and 5-l samples were spotted in 10-s intervals onto phosphocellulose and processed as described previously (23) . Samples were processed in duplicates for each condition and embryo batch and enzyme activities were expressed in picomole ϫ min Ϫ1 ϫ mg Ϫ1 protein. Under these conditions reactions were linear for at least 3 min. The selectivity of the assay was determined using inhibitors and concentrations specific for cyclic AMPdependent kinase (PKI 5-22, 25 nM) (24) , protein kinase C (GF 109203X, 100 nM) (25) , and CamKII (autocamtide-2-related inhibitory peptide, 1 M, and [Ala 286 ]Ca 2ϩ /calmodulin kinase II inhibitor (281-301), 20 M) (26) . CamKII-specific phosphorylation of Syntide-2 is defined as that phosphorylation which could be blocked by either of the two known CamKII-specific inhibitors. Initial experiments revealed that both inhibitors yielded the same results. Since previous work has shown that autocamtide-2-related inhibitory peptide is specific for CamKII at the concentrations used here, most of the data shown here were obtained by using autocamtide-2-related inhibitory peptide as a CamKII inhibitor. Data analysis was performed using Cricket Graph III Software (Computer Associates International, Inc., Islandia, NY).
For antagonist or agonist treatment of Fz/␤ 2 -AR chimera injected cells, animal halves of injected embryos were cut at stage 7 and dissociated in Ca (12) is represented as plus or minus (ϩ/Ϫ) (see Fig. 1 for CamKII quantitation). Those Frizzleds activating CamKII and PKC do not induce the ␤-catenin target gene Xnr-3 and vice versa.
pranolol, 100 M) for 10 min and assayed for CamKII activity after lysis in the same buffer as mentioned above. Similar results were obtained by treatment of undissociated, whole animal cap explants after 30 min of treatment (data not shown). PKC translocation assays were performed as described (12) . (Fig. 1A) . Importantly, Xwnt-8 and Rfz-1, which signal through a ␤-catenin-dependent Wnt signaling pathway (27) and not through intracellular release of Ca 2ϩ (10, 11) , did not stimulate CamKII activity (Fig. 1A) . Xwnt-11, which acts like Xwnt-5A in early embryos (9), resembles Xwnt-5A in its ability to induce CamKII (42 pmol ϫ mg Ϫ1 ϫ min Ϫ1 , S.E. ϭ 3 with p Ͻ 0.01 in Student's t test) (Fig. 1A) . The differences in the ability of Xwnt-5A and Xwnt-8 to induce CamKII were independent of Wnt protein level, as monitored by Western blot analysis of epitope-tagged Wnts (inset, Fig.  1B ). We conclude that some Wnt and Frizzled homologs known to induce intracellular Ca 2ϩ release and to activate PKC also induce CamKII activity, whereas some Wnt and Frizzled homologs that signal through ␤-catenin do not.
RESULTS

CamKII Is Activated by Some Wnt and Frizzled Homologs-To
We then analyzed the activities of murine Frizzled to determine if activation of CamKII is a general feature of Frizzled signaling. Murine homologs were used rather than Xenopus homologs since data on the signaling activities of the former are better described (12) . Three members of the Frizzled family, Mfz-3, Mfz-4, and Mfz-6, have recently been shown to activate PKC (12) and we observe that they also activate CamKII (Fig. 1A) . In contrast, MFz-7 and MFz-8 activate the ␤-catenin pathway as monitored by expression of the target gene Xnr-3 (12) but do not activate either CamKII (Fig. 1A) or PKC (12) . The different abilities of Frizzled homologs to activate the ␤-catenin pathway or to stimulate CamKII and PKC activities are summarized in Table I .
The increased activity of CamKII in response to signaling by specific Wnt and Frizzled homologs could be due to an increase in enzyme activity, or to an increase in enzyme level. To distinguish between these possibilities we repeated the assay with added Ca 2ϩ to determine the total, Ca 2ϩ -dependent CamKII activity, as a measure of total enzyme level. After expression of Wnt and Frizzled homologs we found no statistically significant differences in total activity (Fig. 1B) . By dividing the CamKII activity obtained in the absence of exogenous Ca 2ϩ (Fig. 1A) by that obtained in the presence of exogenous Ca 2ϩ (Fig. 1B) we calculated a specific, Ca 2ϩ independent activity of 11% of total kinase activity in control embryos compared with 35% in Xwnt-5A injected embryos, 42% in Xwnt-11 injected embryos, or 27% in Rfz-2 injected embryos. This represents a 2.5-3.8-fold increase in the specific activity of CamKII upon expression of Rfz-2, Xwnt-5A, or Xwnt-11. Dose-response studies revealed that even 100 pg of Xwnt-5A RNA were able to induce CamKII at the same level as 1 ng indicating that maximal stimulation has been reached (see Fig. 3A for data for 100 pg of Xwnt-5A RNA). Addition of exogenous calmodulin did not result in a further increase in total kinase activity (data not shown). Finally, we directly demonstrated by Western blot analysis that neither Xwnt-5A (Fig. 1D) nor Rfz-2 (data not shown) elevated steady-state levels of CamKII. Our data therefore suggest that the intensity of Ca 2ϩ signaling (amplitude and/or frequency) is the limiting factor in CamKII activation in early Xenopus embryos, and that the activation of CamKII by specific Wnt and Frizzled homologs is attributable to an increase in enzyme activity rather than level. This conclusion is further supported by analysis of chimeric receptors (Fig. 2, as discussed below) .
If Wnt-5A and Rfz-2 function in the same signaling pathway as ligand and receptor, one would predict that they should synergize in their induction of CamKII. To test this hypothesis we first established that a low dose of Xwnt-5A RNA (10 pg) elevated CamKII activity while a low dose of Rfz-2 (50 pg) did not (Fig. 1C) . Co-injection of these doses of Xwnt-5A and Rfz-2 RNAs revealed a synergistic activation of CamKII (Fig. 1C) , suggesting they act in the same signaling pathway. The increase of CamKII activity in Xwnt-5A/Rfz-2 injected embryos with respect to basal activity in control embryos is 2-fold higher than a simple additive activation of CamKII by either component. Since Ca 2ϩ release by either Xwnt-5A or Rfz-2 is sensitive to treatment with pertussis toxin (11) and since we predict that CamKII activation is downstream of intracellular Ca 2ϩ release, we next tested the prediction that CamKII activity should be sensitive to this toxin. We co-injected RNAs encoding Xwnt-5A and pertussis toxin A protomer and observed that the ability of Xwnt-5A to stimulate CamKII activity was blocked by pertussis toxin (Fig. 3A) . Thus Xwnt-5A and Rfz-2, previously shown to synergize in inducing intracellular Ca 2ϩ release in a pertussis toxin-sensitive manner (11) , also synergize to induce CamKII activity in a pertussis toxin-sensitive manner.
Previous work has shown that CamKII is autophosphorylated during activation (28, 29) . If Xwnt-5A and Rfz-2 are indeed activators of CamKII then they should increase its phosphorylation. We therefore immunoprecipitated total CamKII from cytoplasmic lysates of injected embryos, blotted the immunoprecipitates, and probed with an antiserum specific for the Thr 286 -autophosphorylated form of CamKII. Consistent with the enzyme activity measurements, overexpression of Xwnt-5A stimulates the phosphorylation of CamKII (Fig. 1D) . When the same blot was stripped and reprobed for total CamKII, comparable levels were observed (Fig. 1D) . After nor- malization to the total amount of loaded CamKII we found a 1.7-fold increase in CamKII phosphorylation (n ϭ 3 experiments, S.E. ϭ 0.15) upon injection of Xwnt-5A RNA in comparison to embryos injected with prolactin or Xwnt-8 RNAs. Similarly, Rfz-2 revealed a slight increase (1.3-fold increase, n ϭ 2 experiments, S.E. ϭ 0.04, data not shown) in phosphorylation of CamKII, whereas Rfz-1 did not. The relative increase in CamKII phosphorylation upon injection of Xwnt-5A or Rfz-2 RNA thus independently supports the kinase assays, and the conclusion that these Wnt and Frizzled homologs stimulate CamKII activity.
Activation of CamKII by Wnts and Frizzleds Is a Direct Response to
Receptor Stimulation-In order to test whether the observed activation of CamKII by a subset of Wnt and Frizzled homologs is a rapid response to receptor activation, or a belated physiological reflection of this activation, we used inducible Frizzled/␤ 2 -AR chimeras (30) . This circumvented the need for purified active Wnts. These chimeras consist of the extracellular and transmembrane regions of the hamster ␤ 2 -AR and the intracellular domains of either Rfz-2 or Rfz-1 ( Fig. 2A) . We observed that Xenopus embryo cells expressing Rfz-2/␤ 2 -AR and treated with the agonist isoproterenol displayed activation of CamKII within 10 min (Fig. 2B) , without substantially greater activation at 30 min (data not shown). In contrast, treatment with the antagonist propranolol did not induce CamKII. The agonist-dependent activation was attributable to Rfz-2 and not other domains of the chimeric receptor since the Rfz-1/␤ 2 -AR chimera did not activate CamKII (Fig. 2B ). As observed with native Rfz-2, the activation of CamKII by the RFz-2/␤ 2 -AR chimera upon treatment with agonist was sensitive to pertussis toxin (Fig. 2B) . We conclude that activation of CamKII by Rfz-2 occurs within minutes of receptor activation, and is dependent upon pertussis toxin-sensitive G-proteins.
Endogenous CamKII Activity Shows a Dorsal-ventral Asymmetry in Early Xenopus Embryos-Since Xwnt-5A and Xwnt-11 transcripts are stored in Xenopus eggs, and both stimulate CamKII activity, this raises the question of whether CamKII activity plays any role in early vertebrate development. As the specification of prospective dorsal and ventral cell fates is among the earliest events in the Xenopus embryo, we investigated whether there may be regional differences in CamKII activity in microdissected embryos. We observed that the ventral side of the embryo displayed a 2-3-fold greater activity than the dorsal side at both blastula stage 7 and gastrula stage 10, after normalization to total protein levels (Fig. 4A, left  panel) . The theoretical maximal kinase activity, determined in the presence of saturating Ca 2ϩ , was similar in dorsal and ventral halves (Fig. 4A, right panel) indicating that the differences in specific activities are probably due to regional differences in the activation of the kinase. Since CamKII is autophosphorylated during activation this result predicts the enrichment of the phosphorylated form of CamKII on the ventral side of the embryo. We therefore immunoprecipitated CamKII from dorsal and ventral halves of stage 7 embryos after normalization to protein levels and probed with the antibody specific for the phosphorylated form of CamKII (Fig. 4B) . After quantitation we found a 1.3-fold higher degree of phosphorylation on the ventral side compared with the dorsal side (n ϭ 3 experiments, S.E. ϭ 0.02). Reprobing with a CamKIIspecific antibody revealed equal amounts of CamKII in both halves (Fig. 4B) . This 1.3-fold elevation in phosphorylation is comparable to the stimulated relative to basal phosphorylated CamKII that is accepted to be biologically relevant to long-term potentiation (16) . We conclude that Xenopus embryos display an unexpected elevation in CamKII activity on the prospective ventral side.
Manipulation of CamKII Activity Alters Dorso-ventral Patterning of the Mesoderm-If
CamKII plays any role in the development of the dorsal-ventral axis then gain-of-function manipulations that increase the CamKII activity on the dorsal side, or prospective loss-of-function manipulations that decrease its activity on the ventral side, should affect dorsal and/or ventral cell fates. We first overexpressed a constitutively active CamKII generated by replacement of threonine 286 by aspartate to mimic autophosphorylation of CamKII (19) . Overexpression of this mutant on the dorsal side of the embryo led to a 3-fold increase in kinase activity in comparison to prolactin-injected control embryos (Fig. 3B, upper panel) . After injection of low doses (0.5-1.0 ng) of constitutively active CamKII RNA into dorsal blastomeres embryos have shortened anterior-posterior axes and malformed anterior structures (Table II). At an intermediate dose of RNA (1 ng) 30% of embryos are ventralized, while at a higher dose of RNA (2 ng) 88% of embryos are strongly ventralized (Fig. 5A , Table II) . Supporting this conclusion, histological analysis of these embryos revealed that 87% (n ϭ 23 embryos analyzed) lacked a notochord, which is a dorsal structure (Table II) . We next tested whether constitutively active CamKII promoted ventral cell fate by in situ hybridization analysis of embryos at the gastrula stage, the earliest time when dorsal and ventral gene expression is detectable. Consistent with a ventralized phenotype arising from elevated dorsal CamKII activity, up to 91% of injected embryos analyzed at the gastrula stage display a loss of endogenous expression of the dorsal marker gene goosecoid in the dorsal lip region (Fig. 5A , Table  IV) . Furthermore, in a high percentage of injected embryos (Table IV) Table IV ). In contrast, injection of the constitutively active CamKII into the ventral side had negligible effects on development, consistent with that side of the embryo already having elevated CamKII activity (Fig. 5A , Table II) .
Since gain-of-function of CamKII on the dorsal side of embryos promotes ventral cell fates, and since the ventral side of the embryo displays greater CamKII activity, one might predict that antagonizing CamKII activity on the ventral side would promote dorsal cell fates. To test this prediction we ectopically expressed a kinase dead CamKII (20) . Our expectation was that a kinase dead CamKII may act to interfere with the activity of endogenous CamKII, given that kinase dead versions of other kinases such as glycogen synthase kinase-3␤, are known to act as dominant negatives (36) . Consistent with this expectation, we first showed that kinase dead CamKII is able to reduce activation of endogenous CamKII in response to ectopic Xwnt-5A (Fig. 3A) and thus behaves as an interfering mutant. Expression of kinase dead CamKII on the ventral side of the embryo also lowered the endogenous CamKII activity (Fig. 3B, lower panel) , consistent with its acting as an interfering mutant. We then injected kinase dead CamKII RNA into embryos that had been treated with UV-irradiation to reduce formation of the endogenous dorsal axis. This injection increased the percentage of embryos showing dorsal axial structures from 35 to 68% in embryos irradiated for 1.5 min, and from 6 to 30% in embryos UV-irradiated for 2 min (Table III) . Injection of lacZ control RNA did not rescue dorsal axis formation. As an independent assay of dorsalizing activity, we injected kinase dead CamKII into ventral regions of non-irradiated embryos, which resulted in 19% of embryos showing formation of a second dorsal lip at the ventral side and a second site of goosecoid expression at the gastrula stage (Fig. 5A , Table  IV ). Some of the injected embryos developed secondary axes at the tadpole stage (Table II) .
We also analyzed the effects of kinase dead CamKII on ventral markers in the gastrula by whole mount in situ hybridization. Consistent with kinase dead CamKII promoting dorsal cell fate, when injected ventrally it not only promotes ectopic expression of goosecoid (Fig. 5A, Table IV ), but it also reduces the expression of the ventral markers Xvent-1, Xvent-2, Xwnt-8, and GATA-2 (Fig. 5B, Table IV) . The most severe effect observed was upon Xvent-1 expression. These data demonstrate that reductions in CamKII activity on the ventral side promote Table II ). Ventral but not dorsal injection of the kinase dead mutant CamKII K42M (1 ng) results in axis duplication at a low incidence accompanied by a second domain of gsc expression at stage 10 (see Tables II and III for details) . Injection of prolactin (PL) control RNA (1 ng) had no effects on either axis formation or on gsc expression. Arrowheads denote dorsal lips. Panel B, dorsal injection of the constitutively active mutant results in up-regulation of ventral marker genes (compare arrowheads of Xvent-2, Xvent-1, Xwnt-8, and GATA-2 relative to arrowheads in control lacZ embryos) but not of the pan-mesodermal marker Xbra in stage 10 embryos. Ventral injection of the kinase dead mutant of CamKII results in decrease or loss of staining for ventral markers but not of Xbra. lacZ injections had no effect. adoption of dorsal cell fates.
Endogenous CamKII Activity Is Dependent on Wnt Signaling-Since Xwnt-5A and -11 are maternal in Xenopus and stimulate CamKII activity, and since endogenous CamKII activity is elevated on the prospective ventral side, one hypothesis is that signaling by these Wnts participates in modulation of ventral CamKII activity. To test this we used a Wnt-11 construct (dnXwnt-11) truncated at the same position that turns Xwnt-8 into a dominant negative Wnt (34) . We first demonstrated that dnXwnt-11 specifically blocks the activation of PKC (12) and CamKII, which would establish that it is a dominant negative reagent. First, dnXwnt-11 is able to block translocation of PKC to the plasma membrane in response to Xwnt-5A (Fig. 3C) , a Wnt that activates CamKII in the present study. Importantly, the dnXwnt-11 construct also blocks activation of CamKII in response to both Xwnt-5A and Xwnt-11 (Fig. 3A) , whereas a dnXwnt-8 (34) construct does not. To test whether the dnXwnt-11 also interferes with Wnt signaling by a Wnt that does not activate PKC or CamKII, we tested its ability to block axis duplication in response to Xwnt-8. dnXwnt-11 is unable to interfere with axis induction by Xwnt-8 (Table II) . We conclude that dnXwnt-11 inhibits Wnts that work through stimulation of Ca 2ϩ -and PKC but not through the ␤-catenin pathway.
Suggesting that endogenous CamKII may be regulated by maternal Xwnt-5A and -11, injection of dnXwnt-11 RNA into either ventral or dorsal blastomeres caused a decrease in endogenous CamKII activity (Fig. 3B , greatest effect observed with ventral injection, lower panel) whereas injection of control prolactin RNA did not. If the elevation in ventral cells of endogenous CamKII activity were due to Xwnt-5A or Xwnt-11, one might also predict that endogenous CamKII activity should be sensitive to pertussis toxin. Supportingly, injection of pertussis toxin A protomer RNA results in a substantial reduction in endogenous CamKII activity (Fig. 3B, lower panel) .
Injection of dnXwnt-11 Promotes Dorso-anterior Cell Fate and Inhibits Expression of Xvent-1-Having established that dnXwnt-11 specifically interferes with activation of CamKII by
Xwnt-5A and -11 but not with activation of the ␤-catenin pathway by Xwnt-8, we next asked whether injection of dnXwnt-11 RNA interferes with dorso-ventral patterning of the embryo. We first injected dnXwnt-11 RNA into both ventral blastomeres at the 4-cell stage and scored axis formation in the tailbud embryos after about 2 days of development. This resulted in ectopic formation of cement glands, a dorso-anterior structure (Fig. 6A ). This phenotype was detected in 24% of the injected embryos (n ϭ 3 experiments, 129 embryos analyzed) and has not been observed in embryos injected with dnXwnt-8 (34) . Similarly, dnXwnt-11 induced the formation of cement glands in UV ventralized embryos (16 out of 23 embryos, Fig.  6A ). However, scoring for axial effects days after injection of dnXwnt-11 is not as direct as scoring changes in gene expression within 12 h of fertilization, since after days of development there is ample time for developmental compensation. We therefore undertook a comparative study of marker gene expression in dnXwnt-11 injected embryos at the gastrula stage. This revealed pronounced inhibition of expression of Xvent-1 but not of Xvent-2 ( Fig. 6B and Table IV ) and negligible effect on the dorsal marker gsc (Table IV) . Our results that dnXwnt-11 inhibits expression of some ventral genes, and promotes ectopic formation of a dorso-anterior cell fate, supports a role of Xwnt-11 and Xwnt-5A in formation of ventral cell fates.
DISCUSSION
Implications for Our Understanding of Wnt Signaling-In terms of contributing to an understanding of Wnt and Frizzled signal transduction pathways, we report that some Wnt and FrizzledhomologsactivatethemultifunctionalCa 2ϩ /calmodulindependent kinase II. Importantly, those Wnt and Frizzled homologs that activate CamKII activity, including Xwnt-5A and Rfz-2, were previously shown to stimulate intracellular Ca 2ϩ release (11), a regulator of CamKII (37) . This observation could not have been assumed in advance since there is ample evidence that differences in Ca 2ϩ frequency or duration elicit very different cellular responses (38, 39) . We established this activation of CamKII by two different experimental approaches. Direct measurement of CamKII activity by kinase assays revealed a 3-4-fold activation of CamKII by Wnt or Frizzled homologs. This activation was accompanied by an 1.7-fold increase in autophosphorylation of CamKII. Although inhibitor specificities in Xenopus have not been investigated, previous work with rat and mouse enzymes has shown that at the concentrations used here, autocamtide-2-related inhibitory peptide is specific for CamKII, and does not inhibit other enzymes like CamKIV, PKC, or PKA (26) . More likely, the quantitative difference between these two methods might be explained by the fact that CamKII is an octa-to dodecamer that consists of different subunit isoforms, not all of which might be recognized by the antibodies used here. Nevertheless, both kinase assays and Western blotting independently support our hypothesis that CamKII is activated by different Wnt and Frizzled homologs.
Supporting the linkage of the intracellular Ca 2ϩ release with the activation of CamKII, we report that Xwnt-8 and Rfz-1, which are inactive in stimulating Ca 2ϩ release and instead work through a ␤-catenin signaling pathway (27) , do not activate CamKII activity. Our finding that several murine Frizzled homologs activate CamKII and PKC but do not induce the ␤-catenin target gene Xnr-3 and vice versa indicate that modulation of CamKII is broadly important to understanding signaling through Frizzled homologs. We further demonstrate that the activation of CamKII occurs within 10 min of receptor activation, and occurs in a manner dependent upon pertussis toxin-sensitive G-proteins. This rapid response of CamKII nearly excludes the possibility that activation of CamKII by Wnt and Frizzled homologs might be indirect. It would be of interest to determine whether some Wnt and Frizzled homologs are also able to alter enzymatic activities of other Ca 2ϩ -sensitive kinases and phosphatases, like CamKIV, or calcineurin (40, 41) . Activation of these enzymes might also explain ␤-catenin independent Wnt effects on gene expression (13) or the effect of Wnt-5A on cell proliferation (42) . Our report that some Wnt and Frizzled homologs activate CamKII should promote these and other experiments.
Implications on Dorso-ventral Axis Formation in XenopusOur results also have implications for understanding dorsoventral axis formation in Xenopus embryos. First, we report the initial direct measurements of a dorso-ventral asymmetry in a kinase activity in early vertebrate embryos. Second, we present data consistent with the hypothesis that maternal Xwnt-11 and Xwnt-5A may contribute to the generation of this asymmetry in CamKII and that the CamKII is subsequently involved in specification of dorso-ventral cell fates. Specifically, a dominant negative Xwnt-11 that blocks activation of CamKII by ectopic Xwnt-11 or Xwnt-5A lowers the endogenous CamKII activity on the ventral side of the embryo, and represses expression of the ventral marker Xvent-1. Third, expression of a constitutively active CamKII on the prospective dorsal side results in up to 88% of the injected embryos adopting ventral rather than dorsal fates, and results in broadened expression of ventral gene markers. Maintaining the observed low level of CamKII activity on the prospective dorsal side is therefore essential for dorsal development. Since the pan-mesodermal marker Xbra remains unaffected by active CamKII, this excludes the possibility that increasing the activity of CamKII nonspecifically affects gene expression. Fourth, and reciprocally, we report that expression of a dominant negative CamKII on the ventral side lowers endogenous CamKII activity, and these cells now adopt a more dorsal fate. Consistent with the dorsal cell fate coming at the expense of ventral cell fates, injection of dominant negative CamKII into ventral blastomeres severely decreases the expression of several ventral marker genes. The expression of one of these ventral marker genes, Xvent-1, has recently been shown to be dependent on Ca 2ϩ signaling (43), consistent with CamKII being sensitive to Ca 2ϩ signaling. Xvent-1 was also down-regulated by dominant negative Xwnt-11 suggesting that Xwnt-11 and likely Xwnt-5A contribute to ventral cell fates, as one would expect since Xwnt-11 and Xwnt-5A induce CamKII activity. This is in agreement with a recent publication further supporting the involvement of ␤-catenin-independent Wnt signaling in ventral development (44) .
The dnXwnt-11 did not induce the dorsal marker gsc at the gastrula stage although it was potent at inhibiting the ventral marker Xvent-1. Since the kinase dead CamKII induced the dorsal marker in 19% of embryos, it is plausible that the dnXwnt-11 does not completely block Wnt signaling. It is also plausible that it is not as potent as blocking the pathway with cytoplasmic reagents, or that Wnts blocked by the dnXwnt-11 promote ventral cell fate but do not repress dorsal cell fate. However, a likely Wnt-antagonist derived from a Frizzled receptor does potently induce dorsal structures when expressed ventrally, and does so in a ␤-catenin-independent manner (44). Thus, it is most likely that a ␤-catenin-independent Wnt pathway both promotes ventral cell fate (present study) and inhibits dorsal cell fate (44) .
If maternal Xwnt-5A and Xwnt-11 promote ventral cell fate as these data suggest, it is likely that protein kinase C (PKC) may also be involved, given that Xwnt-5A activates PKC (12) as well as CamKII. Indeed, the PKC activator 12-O-tetradecanoylphorbol-13-acetate is able to rescue embryos dorsalized by lithium, and thus has some ventralizing activity (45) . Supporting the importance of a maternal ventralizing signal involving Ca 2ϩ signals that might be triggered by maternal Wnts, injection of antibodies that block release of intracellular Ca 2ϩ (which would reduce both CamKII and protein kinase C activation), causes axis duplication in Xenopus embryos (43) . Reciprocally, activation of phosphatidylinositol and Ca 2ϩ signaling on the dorsal side of early Xenopus embryos leads to a ventralization of the embryo and a loss of expression of the dorsal marker gene goosecoid (46) . It remains curious, although, that Xwnt-5A and Xwnt-11 can block dorsalization by ectopic Xwnt-8 (9), consistent with a ventralizing activity, and yet they do not ventralize the wild-type embryo when overexpressed. Nevertheless, CamKII and PKC are activated by these Wnts and both promote ventral cell fate, and reduction of function of these Wnts by dominant negative Wnt-11 reduces expression of ventral gene markers. Taken with the studies by Kume et al. (43) , Ault et al. (46) , and Itoh and Sokol (44) , the majority of data support a role for a ventralizing maternal Wnt signal.
There is ample evidence that the Wnt signaling pathway that works through ␤-catenin specifies dorsal cell fate in early vertebrate development. Specifically, ␤-catenin has been found to be necessary for dorsal-ventral axis formation in Xenopus (47) and it accumulates dorsally during the early cleavages consistent with this role in Xenopus (48) and zebrafish (49) . The dorsal accumulation of ␤-catenin in Xenopus is likely mediated by Dishevelled, which also accumulates dorsally during the first cell cycle (50) . Moreover, data from Wnt3 Ϫ/Ϫ mice reveal a requirement for Wnts in vertebrate axis formation (51) . Thus, the ␤-catenin signaling pathway is involved in specifying dorsal cell fate in the early vertebrate embryo, and our current data support the existence of a distinct Wnt pathway (1, 44) that works through Ca 2ϩ signaling (43, 46) and CamKII to promote ventral cell fate.
